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ABSTRACT.  
Responding to changes in the surrounding environment, aerosol particles can grow by water 
condensation changing rapidly in composition and changing dramatically in viscosity. The 
timescale for growth is important to establish for particles undergoing hydration processes in the 
atmosphere or during inhalation. Using an electrodynamic balance, we report direct measurements 
at -7.5, 0 and 20 oC of timescales for hygroscopic condensational growth on a range of model 
hygroscopic aerosol systems. These extend from viscous aerosol particles containing a single 
saccharide solute (sucrose, glucose, raffinose or trehalose) and a starting viscosity equivalent to a 
glass of ~1012 Pas, to non-viscous (~10-2 Pa·s) tetraethylene glycol particles. The condensation 
timescales observed in this work indicate water condensation occurs rapidly at all temperatures 
  2 
examined (< 10 s) and for particles of all initial viscosities spanning 10-2 to 1012 Pa·s. Only a 
marginal delay (<1 order of magnitude) is observed for particles starting as a glass.  
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Quantifying the rate of condensation of water on aerosol particles is important for a diverse set 
of problems, including predicting cloud droplet number concentration in the atmosphere and 
understanding the size dynamics and deposition profile of particles on inhalation to the respiratory 
tract.1 Conversely, understanding the coupling between mass and heat transport during evaporation 
is central to modelling the performance of sprays in a range of applications and the production of 
functionalized particles by spray drying.2,3 In many of these contexts, particles are >>1 m in 
diameter (or grow above this size) and the process occurs at ambient pressure. Under these 
conditions the particle hygroscopic growth rate is limited by the rate at which mass is moved 
towards or away from the particle surface in the gas phase, rather than molecular exchange at the 
surface or diffusion within the particle bulk. Such behavior is particularly likely if the particle is a 
liquid droplet. However, when the particle is crystalline or amorphous, the possible impact of 
dissolution kinetics or slow diffusion within the particle bulk on the rate of condensation and 
evaporation must be considered. In such cases, timescales of bulk or interfacial transport may be 
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longer than those of gas diffusion.4–6 Alternatively, dissolution resulting from water uptake may 
remove bulk diffusional limitations present in the dry, solid-like phase.7 Organic particles (OA) 
can exist as viscous semi-solid8–15 or amorphous solid (glassy) phases.16–19 For a hygroscopic 
particle starting as an amorphous solid, the condensation of water often leads to a decrease in 
particle viscosity, particularly if the particle must progress from a glass (1012 Pa·s)20 to a dilute 
solution droplet (10-3 Pa·s), which can happen at very high relative humidities (RH) observed 
during cloud droplet formation or inhalation. Although the evaporation and condensation kinetics 
of water in highly viscous aerosol particles can be limited by slow diffusion of water within a 
particle, particularly at low RH 21,22 the impact of a viscous core on condensation kinetics at high 
RH remains uncertain. Addressing this uncertainty is the focus of this paper. 
Continuous water condensation is often observed for hygroscopic amorphous particles as the 
RH is increased instead of the sharp, solubility-dependent deliquescence phase transition observed 
for crystalline particles.23–25 The anticipated equilibration time for a low viscosity submicron 
particle following an RH change is <<1 s, increasing to >10 s for a 10 m particle diameter.8 For 
highly viscous semi-solid and glassy solid particles, the equilibration timescale may be much 
longer. At a microscopic level, a particle undergoing water uptake can be viewed as a series of 
concentric shells of varying viscosity/diffusivity.26,27 While it is reasonable to expect that the 
outermost shells will readily equilibrate with the surrounding RH, even for highly viscous 
particles, absorbed water vapor may not readily penetrate into the particle interior if bulk 
diffusivity is sufficiently low.21 Condensational growth will be complete when an equilibrium 
exists between the water activity of the particle and gas phase. According to the Stokes-Einstein 
relation, the diffusivity of a molecule within a matrix is inversely proportional to the viscosity. 
Although the Stokes-Einstein relationship is known to fail in matrices of semi-solid viscosity10,28–
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32 and the divergence is most drastic for small molecules like water, as a first estimate it would 
suggest that the diffusivity within a glassy particle could be as much as 12 orders of magnitude 
less than observed within a particle of liquid-like nature.9 If bulk diffusional limitations are present, 
water uptake may happen readily on the outer layer of the particle over the timescale expected for 
typical uninhibited gas-diffusion limited equilibration, resulting in a core-shell structure24 and 
kinetically inhibited hygroscopic growth. At very high viscosities, particles may not take up 
discernible quantities of water vapor over process-relevant timescales except in environments 
where interfacial free energy is favorable for heterogeneous nucleation.33 
Atmospheric viscous OA is characterized by molecular species containing large numbers of 
oxygenated functional groups34 and with relatively high molecular weight.17,35,36 Saccharides have 
similar attributes to these atmospheric components and are commonly used as laboratory proxies 
for OA.15,21,37–40 Saccharides are also used widely as excipients and additives in inhalation 
formulations (e.g. lactose).41,42 In this work, characteristic condensational timescales are 
determined for water on various micron-sized aqueous droplets containing a saccharide (sucrose, 
glucose, raffinose, trehalose) subject to a rapid increase in RH, starting from a RH characteristic 
of high equilibrium viscosity (105 to >1012 Pa·s)43 at temperatures between -7.5 and 20 °C. Under 
such experimental conditions, droplets could readily undergo condensational growth in the 
absence of diffusion limitations, whereas growth could be hindered in the presence of such 
limitations. For comparison, we also present measurements of the condensational kinetics on non-
viscous aqueous sodium nitrate particles and aqueous droplets of tetraethylene glycol (henceforth 
PEG-4).  
The condensation kinetics measurements are made using an electrodynamic balance (EDB) to 
track temporal changes in radius following a rapid increase in RH (<0.5 s) within the trapping 
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region.44 Elastic light scattering (intensity with scattering angle) is measured with a time resolution 
as high as 0.01 s, and the evolving radius and composition are inferred using well-established 
procedures.45 An example of the observed change in droplet size is shown in Fig. 1 for the 
condensation of water on a glucose particle. The timescale (τ) for condensation is characterized by 
a non-linear least squares fit of the experimental data to the modified Kohlrausch-Williams-Watts 
(mKWW) equation:46,47 
 𝑟(𝑡) = 𝑟𝑓 − (𝑟𝑓 − 𝑟𝑖)𝑒
−(𝑡 𝜏⁄ )𝛽 (1) 
where r is the radius of the particle at transition time t, ri and rf are the initial and final radii, 
respectively, and β reflects the departure from a single-exponential fit. The suitability of an 
equation of this form for modeling the response of a viscous solution droplet to a perturbation in 
RH has been demonstrated in prior work.22 Note that while physical interpretations for β have been 
proposed elsewhere,48 in this work it was used solely as an empirical stretching parameter. 
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Figure 1. Condensation profile (radius vs. time) for an aqueous glucose droplet (20 °C, RH 
transition of 25 to 79%): measurement (grey points) and fitted mKWW equation (black curve). 
Vertical grey dashed line represents τ = 3.6 s.   
Reported moisture-dependent viscosities for aqueous solutions of the solutes studied here are 
summarized in Fig. 2a. Initial viscosities at 20 °C and 25% RH vary from < 1 (for PEG-4/sodium 
nitrate) to > 1010 Pa∙s (sucrose). We are not aware of lower temperature viscosity measurements 
for these compounds, although a model proposed by Rothfuss and Petters suggests sucrose 
particles at 25% RH have a viscosity well above the 1012 Pa∙s threshold for the glass transition for 
all of the temperatures studied here (-7.5, 0 and 20 oC).15,20 This is consistent with available 
literature data for the glass transition of aqueous sucrose solutions, which are summarized in Fig. 
2b. Thus, condensation measurements of water on aqueous sucrose particles at an RH ~25% with 
T ≤ 0 °C are expected to involve particles initially in a glassy state. As shown in Fig 2b., literature 
data suggests the RH-induced glass transition for raffinose will occur at ~50% at 0 °C, and ~60% 
at -7.5 °C, the starting experimental RH values used for raffinose in this work. Thus, we expect 
raffinose particles at T ≤ 0 °C to initially have a viscosity at the high end of the semi-solid viscosity 
range, approaching that of a glass. 
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Figure 2. In (a) RH-dependent viscosities of raffinose,43 trehalose,43 sucrose,10,43 glucose,43 
sodium nitrate49 and PEG4,50  with polynomial equations from Song et al.43 for the saccharides 
and Baldelli et al.49 for sodium nitrate (solid lines). In (b) experimental RH-dependent glass 
transition temperatures for binary aqueous solutions of raffinose (yellow squares16 and circles51), 
sucrose (red triangles,52 left triangles,53 right triangles,54 upside down triangles55) and sodium 
nitrate (blue squares).56 Pure component glass transition temperatures (diamonds) for raffinose,15 
sucrose,15 sodium nitrate57 and water17 are also reported. Fits to the Gordon-Taylor equation58 
using literature parameters for raffinose16 and sucrose15 are indicated by solid lines.  
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Characteristic time constants for all experiments are summarized in Fig 3a. Most τ values are on 
the order of 1 s, although a small number (sucrose and raffinose in particular) have values of ~10 
s. All measured τ values are within a factor of 15 larger than the fastest system studied – sodium 
nitrate at 20 °C – and a large majority are within 1 order of magnitude. This similarity exists despite 
a broad range of initial viscosities, including liquid-like (sodium nitrate and PEG-4 at 20 °C), semi-
solid (glucose, trehalose, and raffinose at 20 °C), near-glassy (sucrose at 20 °C and raffinose at 
colder temperatures) and likely glassy (sucrose < 20 °C). This is further illustrated in Fig 3b, which 
considers the possible dependency of the τ values on the initial viscosity of the particle. Clearly, 
systems with low initial viscosity also exhibit the shortest equilibration timescale, although the 
variation is only marginal. The possible temperature dependence of τ is explored in Fig. 3c. Sodium 
nitrate has the shortest τ values at all temperatures. In interpreting these results, it is important to 
remember that all of these systems are hygroscopic. Typical fitted values of the stretching 
parameter β varied from 0.4 to 1.3, with good reproducibility (±0.1) between identical 
experimental trials but no obvious systematic pattern. 
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Figure 3. Fitted experimental characteristic condensation times versus (a) final RH, (b) estimated 
initial viscosity of droplet prior to condensation step, (c) temperature of condensation 
measurement. Dashed grey horizontal lines delineate the 1-order of magnitude range in τ 
containing most experimental values. Legend at top for (a)-(c).  
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In the absence of condensed phase diffusional limitations on growth, droplet size evolution can be 
modelled using an analytical treatment (first introduced by Kulmala et al.)59 of the gas diffusional 
mass flux that accounts for the latent heat of condensation and its impact on the mass transfer 
rate.60 Experimental and modelled τ values are compared in Fig 4. Although there is good 
consistency between experimental and modelled timescales for sodium nitrate, experimental 
timescales are larger than the modelled timescales for the saccharide droplets, exceeding an order 
of magnitude in some cases. It should be noted that simulation of water condensation using the 
Kulmala equation does not account for the time required for the RH change (<0.5 s) in the EDB 
instrument. The model-observation consistency for sodium nitrate and disparity for the remaining 
compounds suggests that either bulk diffusion limitations or surface accommodation effects are 
responsible for the ~1 order of magnitude increase in water uptake timescale in these experiments.  
 
Figure 4. Comparison of fitted experimental and modelled characteristic timescales using the 
Kulmala equation59 and mKWW fitting for the experiments performed in this work. 
Despite the considerable variation in the range of starting particle viscosities apparent in Fig. 3b 
(as large as 15 orders of magnitude), the measured timescales for condensational growth and 
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equilibration of the micron-sized particles following a step increase in RH are typically less than 
10 s within one order of magnitude. This viscosity range covers the expected range of relevance 
for atmospheric OA and for amorphous particles typically used in inhalation therapies. Although 
these experimental timescales are ~1 order of magnitude longer than timescales predicted using a 
gas-diffusional condensational growth model for some of the more viscous particles, they are 
nonetheless significantly shorter than timescales of typical atmospheric processes. For example, 
at an initial temperature of 20 °C and updraft velocity of 1 m s-1, the timescale to raise the RH from 
20 to 80% is 2000 seconds. Under this scenario, even viscous hygroscopic supermicron particles 
similar to those studied in this work can be expected to effectively track the changing RH, 
remaining in equilibrium under almost all atmospheric conditions. The most violent supercell 
thunderstorms, where vertical velocities may approach 50 m s-1,61 would perhaps be an exception. 
By contrast, highly viscous amorphous particles may require more time to respond to the sudden 
increase in RH than occurs during a typical inhalation time of 1 s, particularly given that most drug 
particles start larger than 1 m in diameter.  
Next, we consider the expected radius dependent scaling by calculating bulk mixing times for 
aqueous sucrose aerosol as a function of radius at 20 °C and variable RH (see Fig. S2). Overall, 
the calculated bulk mixing and condensational τ values have similar sensitivity to particle size. 
Assuming experimental timescales decrease along a similar slope with radius, extrapolation would 
suggest condensational growth occurs on the timescale of milliseconds for 100 nm sucrose 
particles under ambient atmospheric conditions, fast enough to likely be of limited consequence 
for atmospheric processes.  
We note one key limitation regarding the broad applicability of our results: the systems studied 
in this work all have liquid-like equilibrium viscosity (< 10 Pa·s) (Fig. 2a) at room temperature 
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and 78% RH, as might be expected for hygroscopic aerosol where equilibrium water content will 
be significant. The forcing that drives condensation will invariably lead to plasticization of the 
particle,17 which in turn removes the diffusional limitation. In the atmosphere, different chemical 
compositions and/or colder temperatures will result in particles with much higher equilibrium 
viscosities, even at high RH. This may be particularly the case if the system is weakly or non-
hygroscopic, thus reducing the particle water content and concomitant potentials for plasticization 
and increases in bulk diffusivity due to the influence of water, even in outer layers of the particle 
that are likely equilibrated with the ambient environment. The carbohydrates studied in this work 
contain multiple hydrogen-bonding OH groups, the presence of which are associated with both 
higher viscosity34 and greater hygroscopicity.62 Accordingly, replacement of carbohydrate-
carbohydrate hydrogen bonds with carbohydrate-water hydrogen bonds during hygroscopic 
growth is a plausible plasticization mechanism. This mechanism will be absent for non-hydrogen 
bonding solutes. In cases where viscosity remains high at the final RH, bulk mixing timescales can 
be orders of magnitude higher at 10 µm than observed here21,22 and can remain slow relative to 
typical timescales of atmospheric processes in which case condensational growth timescales are 
also slow.21 Whereas, in the context of inhalation the increased temperature (37 oC) and very high 
RH (>99.5 %) water condensation should remain fast. Taken all together, these observations 
suggest bulk diffusional inhibitions are primarily a concern for condensation onto particles that are 
weakly (perhaps even non-) hygroscopic in addition to being sufficiently viscous. It should also 
be recognized that the temperature dependence of hygroscopicity itself is not well resolved but 
will be a concern if solubility limitations become more pronounced at lower temperatures. 
Finally, we have not considered that marginal inhibition in condensational growth rate may arise 
from a suppressed value of the mass accommodation coefficient (α). Direct measurements of 
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accommodation coefficients are primarily limited to those for water vapor onto aqueous droplets. 
Miles et al.63 suggested a lower limit value of 0.5 for water accommodating onto a water surface, 
based upon an assessment of five separate methods for measuring accommodation coefficients. 
This limit was shown to be consistent with subsequent measurements made by Davies et al.64 using 
the same instrument as employed here. This would suggest that even assuming a conservative 
lower bound, the value of α would need to be about a factor of 40 smaller than this limiting value 
of 0.5 (Fig. S3). This augurs that accommodation will not be limiting, at least once the 
condensation process has begun and an aqueous shell at high water activity is present on the droplet 
surface. Surface accommodation inhibition may be of greater concern in systems less hygroscopic 
than studied in this work, due to their more hydrophobic nature. 
In summary, water condensation timescales on hygroscopic amorphous glassy particles are less 
than 10 s under the conditions of high RH and there is only a marginal dependence on the starting 
viscosity of the particle. Although these measurements suggest timescales for water condensation 
can be expected to be short, weakly or non-hygroscopic aerosol particularly at low temperatures 
may lengthen timescales of water condensation.   
  
EXPERIMENTAL METHODS 
The theory and operation of the EDB have been discussed extensively in prior work44,65 and full 
details of its application in this work are provided in the SI. The EDB chamber RH within  the  
EDB chamber were determined from probe droplet measurements.65 For each experiment, the 
initial equilibrium radius (ri) at low RH was calculated as the mean of the measured radii across a 
time window of 1 s prior to the condensation step. Once ri was fixed, rf, τ, and β were calculated 
via an unbounded fit to Eq. (1) as described above. 
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The gas diffusional growth model first introduced by Kulmala and coworkers59 has been 
described extensively in previous publications and details are provided in the SI.44,60,65 Simulations 
of time dependent growth were performed using values of temperature, initial and final RHs, and 
initial particle size identical to those for each EDB experiment. For comparison to experimental 
measurements, modeled characteristic time constants were calculated by fitting these data to Eq. 
(1), fixing ri to the first simulated radius. 
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